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BOTH HAVING 45C OF SWEEPBACK

By Ben H. Jobhnson, Jr., and Harry H. Shibatsa

SUMMARY

A wind—tunnel investigetion has been made of two semispan wing
models having 45° of sweepback, an aspect ratio of 5, and a taper ratio
of 0.565. One wing had no camber or twist and the other wing was
canbered for a design 1ift coefficient of 0.4 and twisted to relieve
the loading at the tip which accompsnies sweepback. The airfoll sections
normal to the quarter—hord line were the NACA 6LAOLO for the plane wing
and the NACA 64A810 for the cambered and twisted wing. The cambered and
twisted wing had 8.7° of washout between the root and the tip. Ths tests
were made at Mach numbers from 0.25 to 0.9%. At each Mach number the
Reynolds number was varied over as wide & range as possible within the
limitations of wind—tunnel power and wind—tunnel pressure. At Mach num— °
bers above 0.70, the maximum Reynolds number was 2,000,000; at a Mach
number of 0.25, the maximum Reynolds number was 10,000,000. The effects
of a fuselage, of boundary—layer fences, and of surface roughness were
also investigated.

At & Reynolds nunber of 10,000,000 and a Mach number of 0.25, the
combined camber and twist were effective in delaying extensive separation
on the wing to & higher 1ift coefficient. At the lower Reynolds numbers,
the effectiveness of camber and twist in delaying extensive separation
was seriously reduced. The aerodynamic characteristics of both wings
were seriously influenced by dynamic—scale effects.

At Mach numbers greater than 0.70, wind—tunnel power limitations
prevented testing at Reynolds humbers greater than 2,000,000. Because
of the large dynamic—scale effects previously noted, direct application
of these data to the design of airplanes which operate at substantially
higher Reynolds numbers is not recommended. Based on the data obtained
at a Reynolds number of 2,000,000, the combined camber and twist improve-
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the drag characteristics of the wing at lift coefficients above 0.3 up

to a Mach pumber of 0.85. At the higher Mach numbers, the improvements “
in dreg due to camber and twist were seriously reduced as would be -
expected for a wing with such highly cambered sections. At a Reynolds

pumber of 2,000,000, the pltching-moment characteristics of the wing L
were impaired by the use of camber and twist ’ especially at Mach num-—

bers of 0.90 and sbdve.

The addition of a chordwise fence at the mldsemispan to the upper
surface of the cambered and twisted wing resulted in marked improvement
of the piltching—moment characteristics of the wing, especially at Mach —
numbers of 0.90 and &bove. No similar improvement was noted when fences -
were applied to the plane wing. . . . .

IRTRODUCTION

Theoretical studies and a number of experimental investigations
heve indicated that canber and twist may improve the characteristics e
of swept wings. This lmprovement results from more uniform distri-
bution of load, both spanwise and chordwise, which elleviates the flow
separation and the attendant stability and dreg deterioration at moder—
ate and high 1lift coefficients. That such Improvement is obtalnsble
through the use of canber and twist has been demonstrated by the low— -
speed investigation reported in references 1 and 2. To extend the study el
of the effects of camber and twist, an investigation has been mede in -
the Ames 12~foot pressure wind tunnel at Mach numbers up to 0.94 of two
45° swept~back wings similer to those reported in references 1 and 2. -
One of the wings had no twist and the wing profile was symmetrical. The
other wing was cambered for a design wing—lift coefficlent of O.4t and
twisted to relieve the loading at the tip which accompanies sweepback.

CCEFFICIENTS AND SYMBOLS

The following coefficients and symbols are used in this report:

a speed of sound, feet per second

b wing span measured perpendicular to the plane of symmetry, feet

c local chord measured parallel to plane of symmetry, feet ' I
: -
c local chord measured perpendicular to the guarter—chord line, feet .

- fo!? v2ay

c wing mean serodynemic chord( ‘D/E o dy ; feet .
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drag coefficlent <d_r%g_ )
a

1ift coefficient (li—% )
q

section 1ift coefficlent

pltching—moment coefficient about the lateral axis through the
quarter—chord point of the wing mean aerodynsmic chord

<pitch1'_ng moment)
qSc

piltching—moment coefficient at zero 1ift
lift—dreg ratio

length of body, feet

Mach number (g_—)

1
dynamic pressure <§ pV2> 5 pounds per square foot

Reynolds number ii'
S8

radius of body, feet

maximum radius of body, feet

area of semispan wing, square feet
maximum thickness of wing section, feet
free—stream velocity, feet per second
longitudinal distaence, feet

lateral distance, feet

engle of attack of the chord line at wing root, degrees

angle of twist with reference to root chord (positive for
wash—~in), degrees

coefficient of viscosity of air, slugs per foot--second

Colititsi
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o] mass density of air, slugs per cubic foot

tip chord
A taper ratio ——

\atels}

MODEI, AND APPARATUS

The wing models used in this investligatlion were similar in plan
form and represented wings having an aspect ratio of 5, a taper ratio
of 0.565, and a sweepback angle of the quarter—chord line of 45°, A
dimensional sketch of the wings 1s shown In figure 1. The wing profiles
normal to the quarter—chord line were the NACA 64AOLO Por the wing model
hereinafter referred to as the plane wing, and the NACA 6:A810 with a
modified a=0.8 mean line (reference 3) for the wing model hereinafter
referred to as the cambered and twisted wing. The angle of twist of
the cambered and twisted wing varied from O° at the root to -8.7° (wash—
out) at the tip as shown in figure 2. This twlst distribution was a
straight—line—element type wherein all constant—percent pointas of the
local chords lie In straight lines along the span. As a result of main—
taining the local chords of the root and tip constant while the wing was
twisted, the projJected srea of the cambered and twisted wing was approxi—
metely O.4 percent less than thet of the plarne wing., In the reduction of
all force and moment date to aerodynamic coefficlents, this difference in
wing areas was neglected and the area and the mean serodynamic chord of
the plane wing was used. The wings were constructed of solid aluminum

alloy.

The body used in combination with both wing models had a fineness
ratio of 12.5. The equation defining the coordinates of the body is
given in figure 1. The plane wing was mounted with its root chord coin—
cident with the longitudinal axis of the body. The cambered and twisted
wing was also centrally mounted but with —l1.39 incidence of the root chord
relative to the longitudinel axis of the body.

The tests were conducted in the Ames 12—foot pressure wind tunnel,
which 18 a closed—throat variasble-density wind tunnel with a low turbu-—
lence level closely approximeting that of free air.

As shown In figure 3, the models were mounted with the wing plane
perpendicular to the floor which served as a reflection plane. The gap
between the body and the tunnel floor was maeinteined between 1/32 and
1/16 inch. Ro attempt was made to remove the tunnel—floor boundary layer
which, at the location of the model, had a displacement thickness of
approximately 0.50 inch. The boundary—layer displacement thickness over
the body in the region of the wing was approximately 0.15 inch.
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The fences were constructed of 1/16—inch steel with 1/2—inch flanges
for attachment to the wing. Pertinent dimensions of the fences are given
in figure 1.

K YR 5 -

TEST CONDITIONS

Lift, drag, and pitching—moment data were obtained for both wing
models with and without the body. At a Reynolds number of 2,000,000,
the models were tested at Mach numbers from 0.25 to 0.94%. At higher
Reynolds nunbers, the maximm Mach nunber was limited by wind—tunnel
power to the following: 0.70 at a Reynolds number of 3,000,000, 0.60 at
a Reynolds number of 4,000,000, 0.0 st a Reynolds number of 6,000,000,
and 0.25 at a Reynolds number of 10,000,000.

To investigate the effectiveness of fences in improving the longi—
tudinal stebility characteristics of the model, the wings were tested with
fences of two different heights located at 50 and TO percent of the wing
semispan. These tests were conducted at a Reynolds number of 2,000,000
through a range of Mach numbers from 0.25 to 0.94 and at & Mach number
of 0.25 through a range of Reynolds numbers from 2,000,000 to 10,000,000.

To study the influence of surface roughness, the plane wing was
tested at & Reynolds number of 2,000,000 and a Mach number of 0.25 with
roughness on both the upper and lower surfaces extending forward from
15 percent of the chord to O, 2, 5, and 10 percent of the chord.
Additional tests were conducted at a Reynolds number of 2,000,000 and
Mach numbers of 0.9%, 0.90, and 0.80 with roughness spplied to both the
upper and lower surfaces from 5 percent to 15 percent of the chord. The
surface roughness was number 60 grain carborundum. Tests were also con—
ducted using number 120 and number 180 graln carborumdum, but data for
these grain sizes are not presented as they indicated no difference from
the data using the number 60 grain size.

CORRECTIORS TO DATA

The data have been corrected for the effects of tunnel-wall inter—
ference, including the effects of constriction due to the tunnel walls,
end. approximately for model—support tare forces. The method of reference
4 was used in computing the corrections Ffor tumnel—wall interference due
to induced effects occurring as a result of 1lift on the model. The
following corrections were added:
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Ao = 0.254CT,
ACp =-0.0040C; 7
ACp = 0

Corrections to the data for the constriction effects of the tunnel
walls have been evaluated by the method .of reference 5. The magnitudes
of these correctlions as appllied to Mach number and dynamic pressure are
11lustrated by the following table:

Uncorrected eorrected
Corrected Mach number Quncorrected
Mach number
Wing alone| Wing and body | Wing alone| Wing and body
0.940 0.936 0.930 1.005 1.010
.920° .916 .913 1.003 1.008
.900 .8a8 .895 1.003 1.006
.850 .849 BT 1.002 1.004
.800 .T99 .798 1.001 1.003
.T00 . 700 .699 1.001 1.002
600 . 600 .599 1.001 1.002
.400 400 400 1.001 1.001
.250 250 .250 1.000 1.001
.150 .150 .150 1.000 1.001

The measured choking Mach number for the wing-body combination was
approximately 0.97.

Tare corrections due to the zir forces exerted on the turntable were
measured with the model removed from the tunnel. Possible Interference
effects between the model and the turntable were not evaluated. The
tare—drag coefficlents subtrected from the data, representing the drag
coefficients of the exposed surface of the turntable expressed in terms
of wing area, are presented in the following table:



Reynolds mmber

ﬁfﬂi’f 2,000,000 3,000,000 4,000,000 6,000,000 10,000,000
ber Wing Wing | Wing Wing |Wing Wing | Wing Wing | Wing Wing
alone| and alcne | eand alone| and alone | and alone | and

body body body body body

015 —=—= === m== | =~ =D.00T2[0.006) |}~ -~ = [~==]|=== |= ==
25| 0.0078| 0.0067| 0.0076 ] 0.0065| .00TH{ .0063 ]0.0072 | 0.0062|0.00T70 | 0.0060
ko| .o0083] .oo71| .0081] .0069] .0079| .0067 | .00T7| .0066
60| .0090| .co77l .0088 | .00TH| .0086| .0073
70| - .0094) .00807 .0092| .00TH| .0090} .00T76
.8o| .0100| .0086
B85 .010k| .0089
.901 .0108]| .0092
.92 .0110] .009%
Ol L0112 .00%96

RESULTS AND DISCUSSION
Plene Wing

Effects of Mach mmber.— In figures % through 7, 1ift, drag, and pitching-moment data for
the plane wing are presented for Mach mumbers from 0.25 to 0.94 and a Reynolds number of
2,000,000, for Mech mmbers from 0.25 1o 0.70 snd & Reynolds number of 3,000,000, and for Mach
numbers from 0.15 to 0.60 and a Reynolds mmber of 4,000,000. The data in figure 4 indicate
that, as Mach number Increased, there was an increase In the lift-curve sleope for 11ft coef-—
ficients less than 0.} throughout the Mach number range at Reynolds mmbers less than 4,000,000
and & decreass in the meximm 1lift for Mech mumbers up to 0.90. In figwre 6, the variation of
drag coefficlent with Mech number at a Reynolds number of 2,000,000 is compared with the vari—
ation of the section drag coefficient with Mach mmber cbtained from reference (6) by applying

LBTIGY WY VOVN
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simple sweep theory toc the section 1lift coefficients and the Mach num-~
berl of the section data. While no attempt has been made to correct

the section drag data for the effect of either sweep or aspect ratio,
such corrections would only affect the absclute megnitude of the drag
coefficient snd not its varlatlon with Mach number. At 1ift coefficients
of 0.30 and less, both the experimental and the predicted variation of
dreg coefficient with Mach number show no large effects of compressi-
bility up to the maxiwum Mach number at which data were obtalned.

The pitching-moment data in figure T show that, at 1lift coef-
ficients less than 0.30, the variation of pitching—moment coefficient
with 1ift coefficlent was fairly linear except at the lower Mach num—-
bers and Reynolds numbers. As the 1lift coefficlent was increased in
the range from 0.30 to 0.50, the aerodynamic center moved rearward.

This rearwerd movement of the aerodynamic center suggests the develop—
ment of a vortex type of flow similar to that reported in reference 7.
At 1ift coefficients greater than 0.50, the aerodynamic center moved
forward with increasing 1ift. At low 1lift coefficients, the aserodynamic
center moved rearward with increasing Mach number, the total movement
between Mach numbers of 0.25 and 0.9% being of the order of 3 percent of
the mean aerodynamic chord. The data in figure 7 Indicate & positive
value of the pitching-moment coefficient at zero 1ift. Inspection of
parts (8), (b), and (c) of figure 7 reveals that the value of this

Cmo generally decreased with an increase of either Masch number or
Reynolds number. The exact reason for the existence of this plitching
moment 1s not known, but, because of its dependence on the Reynolds num-—
ber, it 1s believed to be assoclated with differences in the boundary
layer on the upper and lower surfaces of the wing.

Effects of Revnolds number.— The 1ift, drag, and pitching-moment
data for the plane wing are presented in figures 8 through 10 for a

range of Reynolds numbers up to 10,000,000. The lift data in figure 8
indicate that the range of 1ift coefficients for which the lift-—curve
slope was essentially linear increased with increasing Reynolds number.
As shown in figure 9, the rate of increase of drag with lift decreased
with increasing Reynolds number, the greatest percentage change occurring
between Reynolds numbers of 6,000,000 and 10,000,000. The pitching—

moment data In figure 10 indicate that the range of 1ift coefficients for

which the variation of pitching moment with 1ift wes falrly linear
increased with Increasing Reynolds number. The 1lift coefficient at which
dCm/dCT, attained a large positive value'increased from approximately 0.5
at a Reynolds number of 2,000,000 to approximately 0.7 at a Reynolds num—
ber of 10,000,000.

1The application of theory to the section data was as follows:

M
Cr, = ¢, cos2 450, M = _section
L l 2% cog 450




NACA RM ASID2T GO 9
Cembered and Twisted Wing

Effects of Mach number.— In figures 11 through 1k, 1ift, drag, and
pitching-moment data for the cambered and twisted wing are presented for
Mach numbers from 0.25 to 0.94% and a Reynolds number of 2,000,000, for
Mach numbers from 0.25 to 0.70 and a Reynolds number of 3,000,000, and
for ‘Mach numbers from 0.15 to 0.60.and a Reynolds mumber of 4,000,000.
The data in figure 11 indicate that the variation of lift with angle of
attack was nonlinear for most of the angle—of—attack range. At 1ift
coefficients between sbout 0.30 and 0.80, the lift—curve slope decreased
with increasing Mach number up to a Mach number of 0.85 and then increased
with further increase in the Mach number. The maximum 1ift coefficient
decreased with increasing Mach number up tc a Mach mmber of 0.85. In
figure 13, the variation of drag coefficilent with Mach number for a
Reynolds number of 2,000,000 is compared with the varlatlion of the
section drag coefficient with Mach number obtalned by applying simple
sweep theory to the section lift coefficlent and the Mach numberl and
interpolating values of drag coefficient from the section data of
reference 6. While no attempt has been made to offer a quantitative
prediction of the wing drag, inspection of figure 13 shows that adverse
effects of compressibility on the drag characteristics of the cambered
and twisted wing were in qualitastive agreement with the effects pre—
dicted from section datsa.

As can be seen from figure 14, the variation of pitching—moment
coefficient with 1ift coefficlent of the cambered and twisted wing was
nonlinear over the entirse range of 1lift coefficients. At 1ift coef-—
ficients less than about 0.1, the shape of the pitching-moment curves
suggests that flow separation was occurring on the lower surface of the
wing. A similar effect has been noted in the secticn data reported in
reference 8. At the higher 1ift coefficients, upper-surface separation
is indicated. As a result of these separation effects, the stability
characteristics of the cambered and twisted wing were undesirable at all
1ift coefficients. The positive 1ift coefficient at which the pltching—
moment—curve slope first became positive Increased with increasing Mach
number up to a Mach number of 0.85. At Mach numbers gbove 0.85, this
1ift coefficient decreased with increasing Mach number. The preceding
discussion of figure 14 is based on the data obtained at Reynolds num—
bers up to 4,000,000. The effect of increasing the Reynolds number will
be discussed in the following parsgreph.

Effects of Reynolds mumber.— The 1lift, drag, and pitching-moment
characteristics of the canbered and twisted wing are presented in

figures 15 through 17 for a range of Reynolds numbers up to 10,000,000.
Increasing the Reynolds number sbove 4,000,000 resulted in more nesarly

18ee footnote, page 8.
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linesr varistion of 1lift coefficient with angle of attack and caused a

large reduction in the drag coefficient at the higher 1lift coefficlents .
(figs. 15 and 16). Increasing the Reynoldr number from 4,000,000 to
10,000,000 also had large effects on the pitching-moment charaecteristics o
of the cambered end twisted wing (fig. 17). These effects of increasing
Reynolds number were an increase in the 1ift coefficient at which

dC,/dCr, beceme positive, an increase in the 1lift coefficient range for

which de/dCL was approximately zero, am increase in the negative value

of Cm,, and & reduction in the 1ift coefficient at which lower surface
separation ooeciurrsd.

Wing-Body Combinations

Plane wing with the body.— Lift, drag, and pitching-moment data for
the plane wing with the body are compared with data for the plane wing
alone for representative combinations of Mach mumber and Reynolds num—
ber in figure 18. These data Indicate that the addition of the body
caused an increase in the drag at low 1ift coefflclents, a slight
increase In lift—curve slope, and & forward movement of the center of
pressure at the higher 1ift coefficients at Mach numbers below 0.80.

At Mach numbers above 0.80, addition of-the body resulted in a more .
rearward center of pressure at the higher 1ift coefficlents. However -
the maximum chenge of pitching—moment coefflcient due to the additién of —
the body was only 0.02. ' ' ' '

Cambered and twisted wing wiltbh the body.— In figure 19, the 1lift,
drag, and pltching-moment characteristics of the cambered and twisted
wing with the body and of the cambered and twisted wing alone sre com—
rared for. representative combinations of Mach number and Reynolds num—
ber. These data Indicate that the addition of the body caused a slight
increase In the lift-—curve slope, & slight increase in the drag at low
lift coefficients, and a slight rearwerd movement of the center of pres—
sure at low 1lift coefficilents. At 1lift coefficients below the stall,
the meximum change of pitching-moment coefficient due to the addition of -
of the body was less than 0.025.

Effect of Cember and Twist

In figure 20 the 1lift, drag, and pltching—moment characteris—
tics of the plane wing with the body are compered with those of the
cambered and twisted wing with the body at representative combina—
tions of Mach number and Reynolds number. These data indicate that
camber and twist as applied to this model decreased the drag at the
higher 1ift coefficlents and increased the maximum 1ift. Due to the
large effects of Reynolds number om the characteristics of these wings

CONRFIDENTTAL
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and to the limit on Reynolds number attalnable at Mach numbers greater
than 0.40, it is impossible to evaluate adequately the effects of camber
and twist at the higher Mach numbers. At a Reynolds number of 10,000,000
and a Mach number of 0.25, the drag data indlcated that camber amnd twist
were effective in delaying serious separation on the wing to a much
higher 1ift coefficient. At a Reynolde number of 2,000,000 and a Mach
number of 0.25, camber snd twist reduced the drag coefficient of the
wing at all 1ift coefficlents greater than 0.2. Erratic changes in the
position of the aerodynamic center wlth increasing 1i1ft were evident in
the pitching-moment characterlstice of both wings st Reynolds numbers of
4,000,000 and below. Based on the data obtained at a Reynolds number of
2,000,000, it may be seen that camber and twlst were effective at all
Mach numbers in increasing the 1ift ccefficlent at which the rapid drag
rise occurred. At Mach numbers of 0.90 and sbove, carber and twilst
caused a moderate decreese in the drag at 1ift coefficients greater then
0.4 but a sizable increase in the drag at 1ift coefficients less than 0.3.
The deleterious effects of the large amount of camber on the Mach number
at which the drag rises sabruptly may be predicted by appllication of
simple sweep theory to two—dimenslional data. The pitching—moment data
at & Reynolds number of 2,000,000 indicate that camber and twist impaired
the stability characteristics of the wing, especially at Mach numbers of
0.90 and sbove. A comparison of the low—speed characteristics (refer—
ences 1 and 2) of a plane wing and of a cambered and twisted wing similar
to the wings reported hsrein, has shown that, whereas separation on the
outer portions of the plane wing occurred Iin the laminar boundary layer
at the leading edge, separation on the outer portions of the cambered
and twisted wing occurred in the turbulent boundary layer nesasr the
trailing edge. The deleterious effects of camber and twist on the
stabllity characteristics of the wing at a Reynolds nunber of 2,000,000
may be partielly attributed to the thickening of the boundary layer over
the after parts of the outer wing sections due to spanwise drainage of
the boundary—layer alr. This spanwise drainage would be expected to
have a much larger effect on the turbulent-type separation near the
tralling edge of the outer wing sections of the cambeéred and twisted
wing than on the laminar—type separation near the leading edge of the
outer wing sections of the plane wing.

Effect of Fences

References 9 through 11 indicate that improvements in the
stebllity of & swept—back wing mey be gained through the use of chord—
wise fences. To study the effects of such a device on the aerodynemic
characteristics of the two wings of this investigation, vane—type tri—
angular fences extending forward from the trailing edge to 0.478c were
tested. The trailing-edge type of fence was selected primsrily to
afford control of the boundary layer near the traliling edge of the wing.
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The outwerd flow of this boundary layer was belleved to be the cause of
the early separation noted on the cambered and twisted wing at low
Reynolds numbers. For purposes of comparison, ldentical fences were
tested on the plane wing. The pertinent dimensions of the fences and
their location on the wing plan form are shown in figure 1.

Plane wing,— Lift, drag, and pitching-moment data for the plane wing
and body combination with high fences (maximm height twice the wing
thickness) at 50 percent of the wing semispan and also with high fences
at 50 and TO percent of the wing semispan are presented in figure 21.
These date are for a Mach number of 0.25 and Reynolds numbers of
10,000,000 and 4,000,000, and_for a Reynolds number of 2,000,000 and Mach
numbers from 0.25 to 0.94%. At 1ift coefficients less than 0.4 or 0.5,
addition of the fences had little effect on the aerodynamic character-—
istics of the wing except for an irregular resrward movement of the center
of pressure at a Reynolds number of 2,000,000 and a Mach number of 0.25.
At slightly higher 1ift coefficients, the fences caused the wing pitching
moment to become more negetive. At the 11ift coefficient at which the
1lift, drag, and pltching-moment data indicated the onset of extensive
separation on the plane wing, addition of the femnces caused an abrupi
reduction in the lift—curve slope, an increase in the drag, and a for—
ward movement of the center of pressure. The fact that the fences did
not Increase the 1ift coefficilent at which the wing-body combination
became longitudinelly unstable 1s believed to be due to the fact that
separation on the plane wing occurred iInitially at the leading edge of
the outer sections (references 1 and 2). Control of the trailing~edge
boundary layer has little effect on the local 1lift coefficient at which
this type of separation occurs. The reductlion in the wing lift—curve
slope following separation of the flow on the oubter portions of the wing
may be attributed to the reduction of the boundary—layer control on the
root section of the wing resulting from the effectiveness of the fences
in minimizing the spanwlse boundary—layer drainage. Had the fence on
the plane wing been of the leading-edge type, 1t 1s probable that it
would have had a more beneficial effect on the aerodynamic characteristics
of the wing (reference 12).

Canbered. and twisted wing.— In figure 22, 1ift, drag, and pltching—
moment data for the cambered and twisted wing end body comblnation with
high fences at 50 percent and at both 50 and 70 percent of the wing semi—
spen are presented. Data are also presented in figure 22 for the cambered
and twisted wing with a high fence at TO percent of the wing semispan.
Data for the cambered and twlsted wing—body combination with low fences
(meximum height equal to the wing thickmness) at 50 percent and at both
50 and 70 percent of the wing semispan are presented in figure 23 for
Mach numbers from 0.25 to O. 94 end a Reynolds number of 2,000,000. At
& Mach number of 0.25 and a Reynolds number of 10,000 000, addition of
the high fences caused an increase In the lift—curve slope at 1ift

-
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coefficients between 0.7 and 1.0 and a decrease in drag and pliching-—
moment coefficient for the same range of 1ift coefficlents (fig. 22a)).
At this Reynolds number and Mach number, the pitching—-momsnt—curve slope
of the cambered and twisted wing with fences at 50 and TO percent of the
wing semispan was approximately zero for 1lift coefficients from 0.1 to
0.9. At the stall, the pitching-moment coefficient became positive for
all cases, indicating static longitudinal instaebility. At a Mach number
of 0.25 and Reynolds numbers of 4,000,000 and 2,000,000, the effect of
fences was similar to that observed at s Reynolds number of 10,000,000.
It is of interest to compare the pitching-moment characteristics of the
wing without fences at a Reynolds number of 10,000,000 with the charac—
teristics of the wing with a fence at the mid—semispan at & Reynolds
nurber of L4,000,000. It is observed that qualitatively the data are in
good agreement in 1ift coefficients between about 0.5 and 0.9. At 1ifd
coefficients near the stall, the effect of increasing the Reynolds num—
ber differed from the effect of the fence, and In the lower 1ift range,
as would be expected, the upper—surface fence was entirely ineffective
in controlling the lower—surface separstion., A similar comparlson can
be made between the data obtalned without fences at a Reynolds number

of 4,000,000 and that obtained with a fence at a Reynolds number of
2,000,000. This gualitative agreement suggests two things with regard
to the effect of fences on a swept—back wing which is cambered and
twilsted in such a manner that Initial separation occurs in the turbulent
boundary layer &t the trailing edge. TFirst, that dsta obtained at
Reynolds nunmbers considersbly lower that flight Reynolds numbers may be
more nearly representative of full-scale conditions if fences are applied
to the wing; and second, thet some high Reynolds number probebly exists
at which 1little lmprovement in the wing characteristics will result from
the addition of fences.,

At a Reynolds number of 2,000,000 and at Mach numbers from 0.60 to
0.85, the effects of fences were similar to those noted at a Mach number
of 0.25. At Mach numbers of 0.90, 0.92, and 0.9%, the effects of fences
were extremely large end favorable at 11ft coefficients greater than
about 0.40 (figs. 22 (g), (h), and (1)). At these Mach numbers, addition
of the two fences completely eliminated the longitudinel instebility
occurring on the wing without fences at a 1ift coefficient of 0.k0,
increased the lift—curve slope at 1ift coefficients mear 0.40, and
decreased the drag at lift coefficients between 0.40 and the 1ift coef—
ficient at which the stall occurred. With high fences installed at
50 and 70 percent of the wing semispan, longitudinal siability existed
at 1ift cosfficients from 0 to 0.75 at a Mach number of 0.90 and from
0 to 0.95 (the highest 1ift coefficient sttained) at a Mach number of
0.94. At Mach numbers of 0.90 and 0.92, longitudinal instability
accompanied the stall for all mrrangements of fences.

Inspection of the data iIn figure 22 also shows that the fence at
T0 percent of the wing semispan was not nearly as effectlve as the
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fence at the mid—semispan and that little addltional improvement resulted
from addition of a fence at 70 percent of the wing semispan when the
fence at 50 percent of the wing semispan_was installed. In figure 2L,
the effects on the pitching—moment charecteristics of the wing of

fences having two different helghts are compared. It can be seen that ,
the low fences (meximum height equsl to the wing thickness) were only
slightly less effective than the high fences (maximum height equal to
twice the wing thickness).

Effect of Surface Roughness

In an effort to increase the effective Reynolds number of the test
data by artificilally disturbing the flow In the laminar boundary layer,
surface roughness was applied to the forward portlons of the plans wing.
Three different grades of roughness (numbers 60, 100, and 180 grit
carborundum) were applied to both the upper and lower surfaces of the
wing extending forward from 15 percent of the chord to the leading edge
and, alternatively, to 2, 5, and 10 percent of the chord. The results
of tests of the wing with number 60 grit carborundum at the verious
chordwise locations are presented in figure 25. The data obtained wlth
numbers 100 grit and 180 grit carborundum showed no change due to this
variation of graln size and therefore are not presented. Surface rough—
ness caused an increase in the drag at low 1lift coefficlents, but its
effects on the 1ift and pltching moment were small,

Lift-Drag Ratio

The lift—drag ratios of the wings a2lone are presented in figures 26
and 27, and the lift—drag ratios of the wing—body combinatlons are pre—
sented in figures 26 and 28.

At &1l Reynolds numbers and at all Mach numbers less than 0.90, the
maximum 1lift—drag ratio and the lift coefficient for maximum lift-drag
ratio were greater for the cambered and twisted wing than for the plane
wing. The effect of camber and twlst on maximum lift-drag ratio decreased
with Increasing Reynolds number. Additlon of the body to either of the
wings reduced the maximum lift-drag ratio and increased the 1lift coef—
ficient for maximum lift—drag ratio. Addition of the fences to the
canbered and twisted wing-body combination reduced the maximm lift-drag
ratio, but increased the llft—drag ratio at some of the higher 1lift coef—
ficlents. The reduction of the maximm lift-drag ratio resulting from
eddltion of the fences might be minimized by more ca.reful design of the
fence installatiom. '

-
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CONCLUDING REMARKS

A wind—turmel investigation of the aerodynamic characteristics of
two 45° swept—back wings having an aspect ratio 5 and & taper ratio
0.565 has been made throughout the subsonic Mach number range. One
wing hed a symmetrical profile and possessed no twist. The second wing
was cambered for a design 1lift coefficient of 0.4 and was twisted in such
a menner as to relieve the loading of the tip which accompanies sweepback.

The investigation has indicated that at 2 Mach number of 0.25 apd a
Reynolds number of 10,000,000, camber and twist improved the serodyneamic
characteristics of the wing at moderate and high 1ift coefficlents. It
was noted, however, that at lower Reynolds numbers the benefits derived !
from canber and twist were less marked and the sbrodynamic character—
istics of both wings were seriously influenced by dynamic—scale effects.

At high Mach numbers, data were obtained only at a Reynolds number
of 2,000,000, and therefore the magnitude of the scale effects at high
Mach nunbers is mmknown. At this low Reynolds number and at 1ift coef—
ficients greater than 0.3, camber and twist improved the drag character—
istlcs of the wing up to a Mach number of 0.85. At the higher Mach
nunbers, the Improvement in the drag characteristics of the wing as a
result of camber and twist was seriously reduced as would be expected for
& wing with such a large amount of camber. At all Mach numbers and a
Reynolds number of 2,000,000, camber and twist had deleterious effects
upon the longitudinal stabllity characteristics of the wing.

Triangular upper—surface fences extending from the position of maxi-—
mum thickness to thes trailing edge of the cambered and twisted wing were
efPective 1n improving the static longitudinal stebllity charagteristics
of the wing, particularly at Mach numbers above 0.85. The same type of
Pences had little effect on the characteristics of the plane wing except
for & sharp reduction in the lift—curve slope at the 1ift coefficient
where the onset of separation was indicated by the piltching—moment data.
The improvement in the cheracteristics of the cambered and twisted wing
resulting from the addition of fences was of such a magnitude as to cancel
the detrimsntal effects of canmber and twist on the pitching—moment charac—
teristics of the wing at Mach mumbers ebove 0.85. Low-speed tests of wings
of gimllar plan form and identical sections have shown that at = Reynolds
number of 8,000,000 and a Mach number of 0.20, separation on the plane
wing originsted in the laminar boundary layer at the leading edge; while
on the cambered and twisted wing, separation originated in the turbulent
boundary layer at the trailing edge. The marked diPference in the effec—
tiveness of the fences on the two wings suggests that even at a Reynolds
number of 2,000,000 end at Mech numbers as high as 0.94 the mechanism of
separation on the two wings was entirely dissimilar. It was slso noted
that there was little to be gained by the addition of & fence outboard of

oA
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the mid-semispan of the wings or by enployment of the high fence in
preference tc the low fence.

Application of surface roughness to the plane win.g resulted in no
indicated increase .of the effective test Reynolds pumber. Addition of
the fuselage caused little change in the characteristics.of either wing,
except a slight Increase In the drag at low 1lift.

Ames Aeronautical ILeboratory,
Rational Advisory Committee for Aeromautics,
Moffett Field, Calif.
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